The effect of dextranases (EC 3.2.1.11) from the oral isolates Actinomyces israelii and Bacteroides ochraceus on water-insoluble glucan production by the Streptococcus mutans dextransucrase (EC 2.4.1.5) and sucrose-dependent adherence to smooth glass surfaces by S. mutans was studied. Collection on membrane filters of water-insoluble polysaccharides synthesized from radioactive sucrose was used to demonstrate the marked sensitivity of insoluble glucan formation to the presence of dextranase. Concentrations of A. israelii dextranase as low as 0.002 U/ml inhibited insoluble glucan formation by 60%. Similar results were obtained with the B. ochraceus enzyme. An assay for sucrose-stimulated adherence of S. mutans to smooth surfaces involved attachment of radioactively labeled nongrowing cells to the bottom of glass scintillation vials. This facile and sensitive assay was utilized to demonstrate that sucrose-dependent adherence was affected by low levels of dextranase from either A. israelii or B. ochraceus.
Schachtele, manuscript in preparation). Another isolate that produces a cell-associated activity which degrades dextran so that it can be utilized for growth has been identified as Bacteroides ochraceus (39; Staat and Schachtele, manuscript in preparation). Additional studies (40) revealed that many of the dextranase-positive plaque isolates were streptococci and some of these were identified as Streptococcus mu- tans. It was demonstrated that many defined strains of S. mutans were capable of producing dextranase, and one strain (B2) was shown to produce a cell-associated endohydrolytic activity. These observations on dextranase production by oral streptococci have been supported by the work of others (14, 44 ; M. D. Dewar and G. J. Walker, Caries Res., in press). Although possible roles of dextranases from oral bacteria in plaque metabolism and glucan synthesis from sucrose by dextransucrase have been discussed (14, 39, 40, 43 ; Dewar and Walker, in press), the significance of these enzymes relative to bacterial interactions within the oral cavity is not clear.
As part of a series of investigations designed to evaluate possible roles for the dextranases from oral bacteria in the microbial ecology of the human mouth, we have analyzed the effect of partially purified dextranases from A. israelli and B. ochraceus on several sucrose-dependent processes proposed to be essential for the retention in the oral cavity and cariogenicity of S. mutans. In this communication, we report 310 SCHACHTELE, STAAT, AND HARLANDER can formation from sucrose by the S. mutans dextransucrase and sucrose-dependent adherence of S. mutans to smooth glass surfaces.
MATERIALS AND METHODS Bacteria. S. mutans strain 6715 (2) was used as a source of dextransucrase and for the adherence studies. The dextranase-producing bacteria B. ochraceus strain G6 and A. israelii strain Gl were isolated from human dental plaque and briefly described previously (39) . Our data on the speciation of these bacteria will be reported in detail elsewhere (Staat and Schachtele, manuscript in preparation).
Growth conditions. S. mutans was grown anaerobically (GasPak system, BBL, Cockeysville, Md.) in Trypticase soy broth containing 0.1% yeast extract (Difco, Detroit, Mich.) at 37 C as described previously (2) . B. ochraceus was grown anaerobically at 37 C in basal peptone-yeast extract medium (18) (27) , with bovine serum albumin as a standard.
Adherence assay. To measure attachment of radiolabeled S. mutans to glass the bacteria were placed in scintillation vials (Vitro "180," 20 ml, no. 3002-lA, Wheaton Scientific, Millville, N.J.) with buffer P containing 0.2 mg of sodium merthiolate per ml and sucrose in a final volume of 1.0 ml. After incubation at 37 C the unattached bacteria were removed by tilting the vials and aspirating off the fluid from the lower side of each vial with a Pasteur pipette. Residual free bacteria were removed using three 2.0-ml washes with buffer P. Buffer was slowly added down the side of the vial, the vial was gently mixed by rotation on a flat surface, and the fluid was removed by aspiration as described above. The vials were dried for 15 min under a heat lamp, and the amount of radioactivity remaining was measured using the scintillation fluid and counting procedure described previously (35) . The reproducibility of the adherence assay was determined by performing 20 Preparation of dextranases. The extracellular dextranase activity from A. israelii strain GI was obtained after growth of the bacterium for 48 to 72 h (late log phase). Cultures were chilled to 4 C, and the cells were removed by centrifugation (8, 000 x g for 10 min). The supernatant fluid was concentrated 10-fold using an ultrafiltration cell (model 420, Amicon Corp., Lexington, Mass.) with a PM10 membrane at a pressure of 50 lbs/in2. The preparation was first dialyzed against distilled water for 12 h at 4 C and then against 0.01 M potassium phosphate buffer (pH 6.0). Insoluble material was removed by centrifugation (10,000 x g for 10 min), and the crude enzyme preparation was stored at 4 C. Enzyme activity was stable for at least 2 months under these conditions. The enzyme preparation utilized in these studies contained 0.01 dextranase unit/ml.
The cell-associated dextranase activity from B. ochraceus was obtained after growth for 72 to 120 h (stationary phase). The cells were collected by centrifugation (8,000 x g for 10 min), washed twice with 0.05 M potassium phosphate buffer (pH 6.0), suspended in the same buffer, and disrupted by two passages through a French pressure cell (American Instrument Co., Silver Spring, Md.). Debris was removed by centrifugation (50,000 x g for 30 min), the supernatant fluid was dialyzed against 0.01 M potassium phosphate buffer (pH 6.0), and the crude enzyme preparation was stored at 4 C. The dextranase preparation utilized in these studies contained 0.045 U/ml.
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The Penicillium spp. dextranase (235 U/mg) was obtained from Sigma Chemical Co., St. Louis, Mo. The Bacillus spp. dextranase (30 U/mg) was purchased from Beckman Instruments Inc., Carlsbad, Calif. The bacterial dextranase (CB, 55 U/mg) was obtained from Calbiochem, La Jolla, Calif. The lyophilized enzymes were dissolved in cold water and stored at -20 C prior to each experiment.
Dextranase assay. Enzyme activity was quantitated by measuring the release of reducing sugar from dextran T40 during incubation at 37 C (41). The method of Somogyi (37) using Nelson's reagent (32) for color development was used to quantitate reducing groups. One unit of enzyme activity was defined as the amount of enzyme that liberated 1 Amol of reducing sugar per min under standard conditions. RESULTS Water-insoluble glucan formation by the S. mutans dextransucrase. Overnite incubation of cell-free supernatants obtained from cultures of S. mutans 6715 with high concentrations of sucrose results in the formation of turbid suspensions with visible aggregates. Utilization of radioactive sucrose allows these water-insoluble polysaccharides to be quantitated after collection and washing on membrane filters. Table 1 shows that production of the polymer was blocked by treating the crude enzyme preparation with heat and strongly inhibited by having a commercially available bacterial dextranase present in the reaction mixture during incubation. The water-insoluble product was derived exclusively from the glucosyl portion of the sucrose molecule, since no radioactive product was formed when sucrose labeled in the fructosyl portion of the disaccharide was used in the assay. Thus, the low levels of dextransucrase found in cell-free culture supernatants of S. mutans 6715 are sufficient to produce significant quantities of water-insoluble glucan from sucrose.
To obtain optimum conditions for quantitating the effect of low levels of dextranase on water-insoluble glucan production the assay for polymer formation was studied in more detail. The time course of formation of water-insoluble glucan is linear for at least 8 h (Fig. 1A) , and polymer continues to accumulate for an additional 10 to 12 h (data not shown). The amount of polymer formed after 18 h of incubation is proportional to the amount of enzyme added (Fig. 1B) . Concentrations of sucrose greater than 15 mM were required to produce close to the maximal amount of polysaccharide (Fig.  1C) . The conditions utilized for further studies on water-insoluble glucan production involved incubation for 18 h at 37 C in the presence of 30 mM sucrose and 80 ,ug of enzyme protein per ml.
Effect of dextranases on water-insoluble glucan production. A commercially available bacterial dextranase preparation at a concentration of 5 U/ml caused more than a 95% decrease in water-insoluble glucan production by the crude S. mutans dextransucrase ( Table  1) . Since this quantity of dextranase was far greater than the enzyme levels available in the crude preparations from the oral bacteria, the effect of decreasing quantities of dextranase on water-insoluble glucan production was determined ( Fig. 2) . It is clear that water-insoluble glucan synthesis was extremely sensitive to the commercial bacterial dextranase in that 0.002 U of enzyme per ml caused greater than a 60% decrease in product formation. This experiment was repeated with a dextranase preparation from the oral isolate A. israelii, and similar results were obtained (Fig. 2) . Table 2 presents a study where the effect on water-insoluble glucan production by various commercially available purified bacterial and fungal dextranases was compared to the enzymes produced by the oral bacteria A. israelii and B. ochraceus. The Penicillium dextranase appeared to be slightly less effective than the other enzymes. The levels of inhibition by all of the bacterial enzymes were almost identical. Figure 3 demonstrates the effect of both the commercial bacterial and A. israelii enzymes on the rate of water-insoluble glucan production. At Neither low-nor high-molecular-weight dextrans caused adherence of the bacteria. Additional characteristics of the adherence assay are presented in Fig. 4 . After a slight lag, adherence occurs linearly for 5 to 6 h and then continues at a greatly reduced rate for several additional hours (Fig. 4A) . The amount of cell protein which adheres to the glass vials is linearly related to the number of cells added up to 60 to 70 jAg of protein per ml, and maximum attachment occurs at a concentration of 100 gg/ml (Fig. 4B) Effect of dextranases on adherence of S. mutans. The marked sensitivity of the synthesis of S. mutans water-insoluble glucan to low concentrations of dextranase (Table 2) indicated that sucrose-dependent adherence might be equally sensitive. Commercial bacterial dextranase at 5 U/ml caused a 95% inhibition of adherence (Table 4 ). The results in Table 5 show that adherence of S. mutans could be decreased approximately 80% by the presence of 0.002 U of dextranase per ml from either A. israelii or B. ochraceus. Comparable inhibition was obtained with similar concentrations of both the commercial bacterial and fungal dextranases. Figure 5 demonstrates that the A. israelii dextranase was effective in blocking adherence of S. mutans when present in concentrations as low as 0.001 U/ml. At this concentration of enzyme, sucrose-dependent attachment was inhibited approximately 50%. Table 6 presents a study where S. mutans cells were attached to glass vials by incubation in the presence of sucrose, and then, after removal of residual bacteria by gently washing twice with buffer, the effect on the adhered cells of further incubation with various dextranases was determined. At high and moderate (0.5 U/ml) concentrations the commercial bacterial dextranase released greater than 90% of the bacteria from the glass. At a concentration of 0.005 U/ml this enzyme and the enzymes from 
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Time (hrs) ant to both bacterial and fungal dextranases (1, 16, 33, 36) . Although these polysaccharides are resistant to degradation by dextranases with a-(1 --6)-linkage specificity (see Table 3 ), their synthesis by the S. mutans dextransucrase can be markedly affected by the presence of such enzymes (4, 14, 43; Dewar and Walker, in press). Walker (43) suggested that the presence of dextranases during the initial stages of polysaccharide synthesis could effectively block water-insoluble polymer production by the dextransucrase from S. mutans via inhibition of formation of the initial a-(1 --6)-linkages required for prolonged glucan production. Recently, Ebisu et al. (4) studied the structure of b Conditions were the same as described in Table 4 . the water-insoluble S. mutans glucan synthesized during extended incubation in the presence of dextranase. The polysaccharide produced under their conditions contained long chains of a-(1 _ 3)-linked glucose residues with only one a-(1 -6)-linked branch for every 45 to 47 a-(1 _ 3)-linked glucose molecules. This polymer did not have the adhesive characteristics associated with the water-insoluble glucan produced in the absence of dextranase. These findings suggest that the function of the low levels of cell-associated endohydrolytic dextranase produced by S. mutal 3 (14, 40) involves modification of the glucan synthesized by the dextransucrase so that it contains a higher proportion of a-(1 _ 3)-linkages and is thus less soluble.
The data in Table 1 demonstrate that under our assay conditions high concentrations of an exohydrolytic bacterial dextranase with a-(1 _ 6)-linkage specificity almost completely blocked water-insoluble glucan production by the S. mutans dextransucrase. Although we have not analyzed the product made under these conditions, it is likely, in light of the studies of Ebisu et al. (4) , to have a large number of a-(1 -_ 3)-linkages. When optimum conditions were utilized to monitor waterinsoluble glucan production by the crude S. mutans dextransucrase (Fig. 1) we were able to demonstrate ( Table 2 , Fig. 2 ) that the endohydrolytic dextranase from the oral isolate A. israelii and the combined exo-and endohydrolytic enzyme activities from B. ochraceus were equally effective in blocking polymer production. These results support the findings of Walker (43), who showed how both exohydrolytic and endohydrolytic dextranases could inhibit glucan synthesis by dextransucrases from oral streptococci. Although the exact degradative action pattems of the commercial bacterial and fungal dextranases and the enzymes from A. israelii and B. ochraceus are not completely clear at this time, it would appear that the capability to cleave the a-(1 -6)-glycosidic bonds in dextran is sufficient to allow an enzyme to severely repress waterinsoluble glucan synthesis by the S. mutans dextransucrase.
The sucrose-dependent adherence of S. mutans to smooth glass surfaces requires functional cell-bound dextransucrase (28, 34) , and mutants of S. mutans with defects in their ability to form water-insoluble glucan from sucrose have decreased abilities to adhere to smooth surfaces in the presence of sucrose (6, 31) . We developed a sensitive assay for adherence of S. mutans to glass (Table 4, Fig. 4) which allowed us to evaluate the effects of low levels of dextran-degrading enzymes from the oral bacteria A. israelii and B. ochraceus ( Table   TABLE 6 Fig. 5 ). These enzymes were effective in blocking sucrose-dependent adherence of S. mutans to glass, as were the commercially available bacterial and fungal dextranases (Table 5) . Although the dextranases under these conditions probably did not block all cellassociated glucan synthesis (Table 2) , they were capable of disrupting production of the polymers involved in adherence. The presence of excess endohydrolytic or exohydrolytic dextranases may only have allowed production of the nonadhesive glucans previously shown to be produced in the presence of excess dextranase (4). In addition, the enzymes from the oral bacteria were capable of removing significant numbers of S. mutans cells which had been previously attached to glass by incubation with sucrose (Table 6 ). This result may reflect the enzymatic susceptibility of a small number of a-(1-6)-linkages in the cell-associated glucans which were essential for the maintenance of adherence. This is consistent with the previous findings of others (5) (30) have demonstrated that water-insoluble polysaccharide production from sucrose by strain HS6 is due to the action of an extracellular enzyme complex consisting of equal amounts of dextransucrase and levansucrase and some polysaccharide. This complex was capable of causing sucrose-stimulated adherence of heat-treated S. mutans cells to glass. The lack of appreciable quantities of extracellular levansucrase activity in culture supernatants from strain 6715 indicates that comparative adherence studies with the enzymes from these strains would be of great interest. Although strain 6715 appears capable of producing some water-insoluble levan when grown for long periods of time in sucrose (36) , the level of levansucrase activity in this strain is low (38) and separable from the dextransucrase by ammonium sulfate precipitation (2) .
It has been demonstrated that the cariogenic bacterium S. mutan.s is not readily implanted into the human mouth (22, 24) and is not readily passed between individual family members (22) . Although the level of S. mutans in dental plaque responds to the quantity of sucrose in the diet (3), this microorganism does not uniformly colonize the surfaces of teeth (10, 20, 21) and does not appear to be efficiently transmitted from tooth surface to tooth surface in an individual mouth (10) . Colonization of tooth surfaces by S. mutans has recently been related to the level of this microorganism in saliva (42) . Thus, it would appear that there are natural regulatory mechanisms in the human oral cavity which restrict the proliferation and/or adherent retention of this bacterium.
Based on the studies presented in this manuscript it can be proposed that partial regulation of S. mutans in the oral cavity may involve interactions with other indigenous oral bacteria capable of producing enzymes antagonistic to its survival. Since the colonization of the surfaces of teeth by S. mutans is related to its ability to produce adherent glucans from sucrose, the presence of indigenous dextranases capable of blocking or altering this process may be intimately involved in the pathogenicity of this bacterium. Susceptibility to S. mutans colonization on smooth tooth surfaces and the eventual production of dental caries may be a reflection of the nature of an individual's indigenous dextranase-producing oral flora. Quantitative and qualitative variations in the relative levels of dextranase-producing bacteria in plaque from individuals has been demonstrated (39) , and studies on the ecological distribution of these microorganisms in the human oral cavity revealed complex patterns, with high levels of these bacteria being found in saliva as well as in plaque from tooth surfaces (R. Staat and C. Schachtele, submitted for publication). Further in vitro and in vivo studies are in progress which should allow clarification of possible interactions between the indigenous dextranase-producing oral flora and S.
mutans.
